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Stress-induced changes in group 
behaviour
tanja K. Kleinhappel*, thomas W. pike  & oliver H. p. Burman
testing animals in groups can provide valuable data for investigating behavioural stress responses. 
However, conventional measures typically focus on the behaviour of individual animals or on dyadic 
interactions. Here, we aimed to determine metrics describing the behaviour of grouping animals 
that can reveal differences in stress responses. Using zebrafish (Danio rerio) as a model, we observed 
replicated shoals both immediately and 24 hours after exposure to a novel environment, as an 
assessment of temporal change in response to an acute stressor. We quantified various standard 
behavioural measures in combination with metrics describing group structure, including different 
proximity, social, and spatial metrics. Firstly, we showed a high collinearity between most of the 
analysed metrics, suggesting that they describe similar aspects of the group dynamics. After metric 
selection, we found that under acute stress shoals had significantly higher shoal densities, a lower 
variation in nearest neighbour distances and were in closer proximity to the walls compared to the same 
groups tested 24 hours later, indicating a reduction in acute stress over time. Thus, the use of group 
metrics could allow for the refinement of behavioural protocols carried out in a range of research areas, 
by providing sensitive and rich data in a more relevant social context.
Animals in captivity experience stressors in a wide range of contexts, including actual physical challenges, such 
as changes in housing conditions, or just a threat of such a challenge, like the approach of a dominant conspecific 
or a human handler (reviewed in1). Chronic, but also acute, stressors typically result in a cascade of physiological 
and behavioural changes in the animal which can threaten its welfare and survival1. The reliable assessment of 
stress responses is therefore of great interest in a variety of different research fields, including, behavioural neuro-
science2, biomedical and preclinical research3–5, psychopharmacology6,7 and welfare science8–10.
Studies investigating these physiological and behavioural responses to stress often rely on animals being 
removed from their social environment and being placed in individual testing environments (e.g.5,11,12). However, 
most of the species of interest are social animals and are therefore routinely housed with other conspecifics in 
order to maximise their welfare (reviewed in13,14), allowing them to interact and display a variety of natural 
social behaviours. As a consequence, separating individual subjects from their social group for experimentation 
(e.g.5,11,12) prevents them from expressing their full range of behaviours15,16. For example, social interactions and 
inter-individual proximity may give earlier indications of stress within a group than individual behaviours, as 
more individuals are more alert to changes in the environment (e.g. predator threats17). Social separation may 
also increase the stress of the individual under observation due to the acute effect of a group-housed animal being 
alone18, which may be helpful in some contexts (e.g. when studying anxiolytic treatments19), but less so in others 
when animals might be better studied in social groups (e.g. when studying anxiogenic treatments, or treatments 
affecting social behaviour). In addition, there is an increasing emphasis on the development of testing protocols 
that use more ‘naturalistic’ conditions. This is supported by the recent developments and applications of novel 
techniques that allow and promote the assessment of individuals in more natural group settings (e.g.15,20).
Despite animals displaying a wide range of behaviours when part of a group, when animals are tested in 
groups, for instance when investigating welfare indicators under different husbandry conditions, the range of 
behaviours recorded in studies is often restricted to those related to aggression (e.g. chasing/biting/fighting21–23), 
allogrooming and play24–26, or subjective scores (e.g.6). This often limits observations to dyadic interactions, 
missing out on the greater wealth of data and interactions involved within a group27. In research areas, such as 
behavioural ecology, researchers commonly use a variety of different group metrics in order to describe group 
responses to changes in their physical or social environment (e.g.28–30), and these, or variations of them, could be 
of advantage for assessing behavioural stress responses of groups. For instance, metrics quantifying group cohe-
sion and compactness (e.g. inter-individual and nearest neighbour distances) are commonly used to investigate 
group organisation and responses to a variety of social and environmental factors31–34, including group structure 
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changes due to predator cues29 and differences in group dynamics between genetic strains35. Furthermore, metrics 
derived from social network analysis, can be used to assess detailed patterns of social interactions within groups, 
such as the presence and size of subgroups or the overall sociability of animals within the testing environment 
(e.g. degree in which individuals are associating with each other; described in28,36) at specific time intervals over 
the observation period without the necessity of individual identification. The overall dispersal of individuals (e.g. 
the area surrounding all individuals30), in conjunction with spatial positions within the testing environment (i.e. 
thigmotaxis, the propensity to avoid the centre of a testing environment and stay or move in close proximity to 
the boundaries), could also be important indicator of stress, and the latter has been repeatably shown to predict 
stress in individually tested animals5,37.
The aim of this study was therefore to identify different metrics visible in groups of animals that could reveal 
differences in their temporal response to acute stress. Using zebrafish (Danio rerio) as a model, we observed both 
the immediate behavioural response of replicated shoals of fish to a novel environment (i.e. an acute stressor) and 
then 24 hours later, when it was predicted that responses to the acute stressor would have dissipated. Stressful sit-
uations including a novelty element (e.g. novel environment) have been shown to trigger the expression of char-
acteristic and robust physiological and behavioural stress responses upon initial exposure5 in a variety of different 
species (e.g. mice3, sheep38, fish39). In fish, researchers typically analyse behaviours such as time spent on the 
bottom of the tank, latencies to enter the upper half or transitions into the upper half of the experimental tank and 
erratic movements, as they have all been linked to stress in fish40–42. In addition to these behavioural changes, also 
physiological changes, such as an increase in whole-body cortisol levels can be observed in fish being individually 
placed into a novel experimental tank (e.g.41,43). In the present study we firstly analysed whole-body cortisol levels 
of fish to confirm that the novel testing tank induced stress in the shoals as it has been shown for individual fish 
(e.g.43). Secondly, behavioural metrics, and non-dyadic metrics quantifying spatial positions and group structure 
were analysed, describing different aspects of group dynamics, in order to test whether they can reveal differences 
between the immediate exposure to an acute stressor and behavioural expressions 24 hours later, emphasising the 
additional range of informative data potentially available to researchers in various research contexts.
Methods
Animals and housing. Adult wildtype zebrafish (Danio rerio), obtained from a home aquarium supplier 
(Aquatics to your Door, UK), were housed in mixed-sex groups in the aquatics facility at the University of 
Lincoln (UK). Shoals were kept at a density of approximately 1fish L−1 in unenriched holding tanks measuring 
52 × 44 × 31 cm and filled with 35 l of dechlorinated and UV sterilised water. Water was maintained at a constant 
temperature of 24 ± 1 °C. The photoperiod was 12:12 light - dark cycle (on: 6:00 h, off: 18:00 h) provided by ceil-
ing-mounted fluorescent lights. Fish were fed daily to saturation with defrosted Chironomidae larvae (blood-
worms). To maintain similar hunger levels for fish during behavioural testing they were fed one hour before the 
start of the observations, which always took place at 10 am for all groups.
Apparatus and behavioural testing. To investigate behavioural expressions of stress, replicated groups, 
each consisting of 7 unfamiliar fish, were exposed to a novel testing tank and their immediate behavioural responses 
were observed as well as behaviours 24 hours later. A total of 184 fish were used which, at the start of the study, had 
an average standard body length of 36.98 mm (±2.24 SD). A maximum of 5 groups were tested at the same time, 
and each fish was tested only once. A total of 23 shoals were used as replicates in a repeated measures design.
The experimental tanks were glass aquaria measuring 45 × 25 × 25 cm (L × W × H) and filled with aerated 
dechlorinated water to a depth of 20 cm (22.5 litres). Experimental tanks were located in the same room as the 
holding tanks. The long sides of each experimental tank were covered with opaque (white) window film, to vis-
ually isolate the tanks from each other. Before the start of an experimental session, one fish was carefully netted 
from each of the 7 different holding tanks allocated to this study (to ensure equal unfamiliarity at the start of the 
experiment44) and placed into a beaker containing 500 ml of dechlorinated water. Fish were then gently released 
into the centre of the testing tank and the first data collection session started immediately. Shoals were filmed for a 
duration of 30 min with two cameras. A Raspberry Pi Camera Module V2 connected to a Raspberry Pi 3 Model B 
was positioned at the front (short side) and a GoPro Hero3 white was mounted above so it looked down onto the 
tank. Both cameras were remotely set to start recoding at a specified time (briefly before the fish were released into 
the testing tank and at the same time the following day), so that fish in the experimental tanks were not disturbed 
by the experimenter switching on the cameras manually. After 30 min, one fish from each shoal was carefully net-
ted and immediately euthanised with an overdose of buffered MS-222 (E10521, Sigma-Aldrich, UK; e.g.43). The 
fish was then blotted on a paper towel to remove excess anaesthetic and then frozen at −80 °C in individual screw 
top test tubes for later cortisol analysis. Sampling each fish took less than 30 s, which is below the observed peak of 
whole-body cortisol arising between 9 and 15 min after a net handling stressor45, ensuring that whole-body cortisol 
concentrations seen in this study were related to the treatment and not the handling stress occurring before the fish 
was euthanised. Another unfamiliar fish from one of the housing tanks was then added to each shoal to maintain 
a group size of 7 fish. After 24 hours, shoals were filmed for a further 30 min as described above. At the end of the 
30 min another fish from each shoal was carefully netted and euthanized for later cortisol analysis. All remaining 
fish were transferred back into new housing tanks (i.e. not containing experimental fish) for use in future work.
Sample size in this study was chosen using a paired t-test power analysis based on an estimated upper range of 
variance of whole-body cortisol data observed in adult zebrafish (e.g. 2.2–5.6 ng g−1 depending on the study40,43) 
with a minimum effect size of 4 ng g−1 (shown in45 between stressed and non-stressed individuals), such that the 
power for detecting differences in whole-body cortisol concentration between stressed and non-stressed fish is 
≥90%. This study followed the ARRIVE guidelines46 (see Table S3 for checklist) and all methods used adhered 
to the ASAB Guidelines for the Use of Animals in Research and gained local institutional ethical approval by the 
Research Ethics Committee of the University of Lincoln (UID CoSREC211).
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cortisol assay. As the concentration of waterborne cortisol with 7 fish in a water volume of 22.5 litres 
would have been below the detection limit for an ELISA or a radioimmunoassay (RIA), and isolating individual 
fish in smaller volumes of water after the observation period would induce confinement and isolation stress47, 
whole-body cortisol was extracted from fish using the method described in43. Fish were weighed (µg) and sec-
tioned into smaller pieces to facilitate homogenisation. Samples were homogenised with 2 ml of phosphate buff-
ered saline (PBS) and the rotor blades were washed with an additional 1 ml of PBS. Both the fish homogenate and 
the wash were collected in a disposable screw top test tube and 5 ml of diethyl ether were added. Samples were 
vortexed for 1 min and then placed in the centrifuge at 7000 g for 15 min. After centrifugation the top organic 
layer containing the cortisol was placed in a separate disposable screw top test tube. The extraction procedure was 
repeated twice more on the homogenate to ensure maximal cortisol extraction. The pooled extract from each fish 
was placed overnight in a fume hood to allow the ether to evaporate at room temperature. The dried extracts were 
stored at −80 °C. A commercially available ELISA (Enzo Life Sciences, Cortisol ELISA kit, ADI-900-071) was 
performed to quantify cortisol concentrations. Extracts were reconstituted in 2 ml of diethyl ether and 125 µl sam-
ples were pipetted into a test tube and used in the assay. The test tubes were placed in a fume hood to evaporate 
the solvent and the dried extract was dissolved in 250 µl of assay buffer, vortexed, left to sit for 5 min and vortexed 
another two times. Reconstituted samples were run in the assay immediately using the method described in the 
product manual. Samples were replicated across plates with standards being replicated on each plate. One sample 
had a cortisol concentration below the detection limit (0.0567 ng ml−1) on both plates and was assigned a cortisol 
concentration of 0 ng ml−1 for the analysis. Cortisol concentration were expressed as ng g−1 body weight.
Behavioural analysis. Behavioural metrics. Possible behavioural expressions of stress were assessed using 
the 30 min video footage from the front positioned camera for both observation times (see Table S1 for defini-
tions). Each video was cut into 10 s long video clips, resulting in a total of 180 videos for each group for each con-
dition, each of which was analysed for the presence and absence of standard behavioural measures used for fish 
tested individually (e.g.43; Table S1). In addition, as fish were tested in groups, we were able to analyse the presence 
and absence of group-based behaviours described for zebrafish (see48; Table S1). A behaviour was counted as 
present if at least one fish of the shoal was performing it during a 10 s clip. For all the behavioural measures ten 
percent of the total number of video clips (828 videos) were analysed a second time in a random order (blind to 
the condition) to test for intra-observer reliability. For all behaviours the percentage of agreement was greater 
than 95%, with kappa statistics varying from 0.75 to 0.94 depending on the behaviour (Table S1). Behaviours that 
were present for less than 10% over the combined observation period of both treatments were removed from the 
data set for later analysis as they were not representative for the testing conditions. Furthermore, species specific 
behaviours (i.e. circling and display behaviour; Table S1) that are only described for zebrafish were also removed 
retrospectively to focus only on behaviours generally present in fish, unrelated to the species.
Metrics of spatial position and group structure. In addition to the behaviours, images were extracted from the 
videos taken from above the tank in 10 s intervals, resulting in a total of 180 frames for each group for each obser-
vation time. Individual 2D positions of all fish in the shoals were manually extracted from these frames using 
custom-written Matlab (MathWorks, Natick, MA) code. The camera calibrator app from the vision toolbox in 
Matlab was used to estimate the camera lens distortion parameters using 10 images of the calibration pattern (a 
black and white checkerboard) at different angles. The resulting camera parameters were then used to correct the 
coordinates. The corrected fish positions were used to compute different spatial metrics (see Table S2 for defini-
tions) as well as the Euclidean distance between all individuals to analyse commonly used proximity metrics in 
shoaling fish (see Table S2 for definitions). Finally, binary association matrices (e.g.28) were constructed for each 
frame to compute different social metrics (see Table S2 for definitions). Two fish were assumed to be associating if 
they were within two body lengths of each other (i.e., twice the mean body length of all fish from the same group). 
This distance is within the range of inter-individual distances observed in free‐ranging shoals49 and has previously 
been used to characterise social interactions in fish50–52.
Statistical analysis. All analyses were conducted in R v. 3.4.4 (R Core Development Team). A linear 
mixed-effects model (using the lmer function of the lme4 package53) was conducted to test if the cortisol con-
centration differed as a function of the testing condition with group as a random effect to control for repeated 
sampling of fish from each group. Cortisol concentration was log transformed to ensure normally distributed 
residuals in the model.
In order to identify metrics that describe different aspects of the shoaling dynamics within our testing popula-
tion we aimed to select a subset of metrics that were uncorrelated with one another (specifically those with a cor-
relation coefficient of |r| < 0.2, as we considered this to be a weak to negligible correlation), while retaining at least 
one metric from each of the analysed categories (behavioural, social, proximity, spatial metric). If two metrics 
were correlated, we selected one of them for inclusion in the final set. Pairwise correlations between all analysed 
behavioural, spatial, proximity and social metrics was assessed using Spearman correlations for non-normally 
distributed continuous metrics and Pearson correlations for other data type correlations54. A correlation matrix 
including all metrics was produced using the corrplot package in R55.
After metric selection, individual linear mixed-effects models were fitted by maximum likelihood to deter-
mine if the average shoal density, CV nearest neighbour distance and the distance of the shoal to the nearest wall 
differed as a function of the observation condition. CV nearest neighbour distance was log transformed to ensure 
normally distributed residuals in the model. In all models group was added as a random effect to control for 
repeated observations of the groups in both conditions. Individual generalized mixed-effects models (using the 
glmer function of the lme4 package) were fitted by maximum likelihood (Laplace Approximation) and a binomial 
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family to determine if the proportion of erratic movement and individuals being in the top half of the testing tank 
differed as a function of the observation conditions, with the behaviours being present or absent as the binomial 
response variable. Group identity was added as a random effect to control for the repeated observation of groups 
in both conditions.
Significance in all models was assessed by comparing the full model to null models lacking the fixed effect 
of interest using likelihood ratio tests (Crawley, 2011). All p-values were adjusted for multiple testing using 
Bonferroni correction.
Results
Immediately after exposure to novelty individuals exhibited on average significantly higher whole-body corti-
sol concentrations (mean ± SE: 40.2 ± 6.0 ng g−1) compared to individuals observed 24 hours later (mean ± SE: 
19.9 ± 4.3 ng g−1; χ2(1) = 24.85, p < 0.001).
The correlation matrix indicated the presence of high collinearity between the analysed metrics (Fig. 1) 
and only five non-correlated metrics remained after the selection process (see Table 1 for description; Fig. 1). 
Analysed metrics revealed that immediately after exposure, shoals had a significantly higher average shoal density 
(χ²(1) = 2001.9, p < 0.001; Fig. 2a), a smaller average CV in nearest neighbour distance (χ²(1) = 165.8, p < 0.001; 
Fig. 2b) and a shorter average distance to the nearest wall (χ²(1) = 370.3, p < 0.001; Fig. 2c) compared to the same 
shoals observed 24 hours later. Furthermore, fish exhibited a higher average proportion of erratic movement 
(χ²(1) = 1763.9, p < 0.001; Fig. 2d) and spent less time in the top half of the testing tank (χ²(1) = 320.9, p < 0.001; 
Fig. 2e) under acute stress compared to 24 hours later.
Discussion
Metrics describing spatial position and group structure in combination with behavioural measures were signif-
icantly different immediately after exposure to the novel environment (i.e. acute stressor) when compared to 
24 hours later. Exposure to novelty is commonly used to study acute stress responses in animals4,5,56, although in 
a majority of studies animals are tested individually3,40,42. Firstly, the results of this study showed that on average 
whole-body cortisol concentration was significantly higher immediately after groups were exposed to the novel 
tank. In addition, standard behavioural measures used for individually tested fish, including animals displaying 
erratic movements or being observed at the bottom half of the testing tank, significantly differed between the two 
conditions, with both behaviours being present more frequently immediately after exposure to the novel tank. In 
combination, these results demonstrate that novelty (in this case a novel testing tank) can be an acute stressor for 
individuals tested in shoals, as has been shown when individuals are tested alone (e.g.41,43). In relation to this, the 
lower whole-body cortisol concentration, and the reduced presence of erratic movement as well as the increased 
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Figure 1. Correlation matrix between all the analysed metrics in this study, with non-correlated metrics 
and their correlation coefficients highlighted in bold and grey background shading. The areas of the circles 
correspond to the value of the correlation coefficient (r), with smaller circles representing smaller r values. The 
legend on the right of the correlogram shows the correlation coefficients with their corresponding colours.
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presence of fish in the top half of the testing tank indicate lower acute stress levels in groups 24 hours after initial 
exposure to novelty. Our results are supported by studies looking at stress responses of fish in the context of alarm 
pheromones or anxiogenic treatments, showing that control fish exhibit fewer erratic movements and spend more 
time in the upper half of the testing tank compared to individuals experiencing the test treatments41,43. Finally, 
and more interestingly, measures describing group structure and spatial position of shoals of fish were also sig-
nificantly different between the two conditions, suggesting that group metrics can provide sensitive measures for 
assessing stress responses.
The high collinearity between most of the analysed metrics (Fig. 1) suggested that they capture similar aspects 
of the group dynamic and structure. Indeed, proximity measures such as convex hull (the smallest possible area 
containing all fish within the shoal30), expanse (the average distance of all fish to the centre of mass of the shoal32) 
and nearest neighbour distance (distance between all fish and their nearest individual33) all measure similar 
aspects of group cohesion and compactness and are therefore not likely vital to assess within the same study. 
These measures were also highly correlated with the social metrics assessed in this study, such as the presence 
of subgroups and shoaling density (Fig. 1). Social metrics in fish are commonly computed using association 
distances (i.e. proximity50,52,57), and are therefore very similar to proximity measures in this study, however this 
might not be correlated in other animal species when computed using behaviours such as aggression as interac-
tion measure rather than proximity (e.g.58).
Zebrafish are a highly social species which readily exhibit shoaling behaviour59. Consequently, it is not unex-
pected that metrics describing group structure and individual associations can be affected by acute stress. Indeed, 
shoals in our study exhibited higher shoaling densities and a smaller variation in their nearest neighbour dis-
tances immediately after exposure to the novel tank, emphasising the importance of assessing within-shoal struc-
ture when measuring stress responses in groups. These findings are comparable to other studies showing that 
(negative) stressors, such as the presence of predators or alarm substances can increase shoal cohesion29,60,61. 
Furthermore, differences in shoaling configurations (i.e. shoaling vs. schooling) depending on the familiarity to 
a testing tank have also been shown in zebrafish, with shoals spending less time schooling (and more time shoal-
ing) over time34. The larger variation in nearest neighbour distance 24 hours after exposure to the acute stressor 
found in our study is comparable to this finding as it indicates less cohesive (and possibly less polarised) group 
structures.
Also, spatial positions of fish shoals within the experimental tank significantly differed between the condi-
tions. Thigmotaxis, the tendency of animals to avoid the centre of a testing environment, has numerous times 
been shown as an anxiety and stress response of animals5,37. Also, in this study, the average distance of the centre 
of the shoal to the nearest wall was smaller in groups under acute stress compared to 24 hours later. Finally, as 
mentioned before, general activity levels of individuals within the shoals, i.e. the presence or absence of erratic 
movement, and swimming height of individuals, also significantly differed depending on the testing condition, 
showing that fish displayed more erratic movement and are more often observed at the bottom of the testing tank 
when experiencing acute stress. This is in line with studies on individually tested fish that found that animals 
exhibit an increase in activity levels during stressful situations which then decrease after recovering or habitua-
tion5,41. Similarly, Bains et al.15 showed an increase in mouse activity, with their automated home cage analysis 
system, depending on external, possibly stressful, events.
It is important to mention that groups in this study were tested under negatively valenced conditions62. Yet, 
similar behavioural changes in group dynamics might also occur in response to positively valenced conditions, 
for instance during, or when individuals anticipate, feeding. Furthermore, the impact of the current housing con-
ditions, for example being enriched or un-enriched, as was the case for our population of fish, could also impact 
on shoal dynamics in different testing conditions, as, for instance, enriched housing conditions have been shown 
to enhance recovery from stressful stimuli in fish63. Both areas deserve further attention.
Overall our study highlights the importance of taking social group dynamics into account when studying 
stress in animals, which can be relevant in a diverse range of areas including neuroscience, psychopharmacol-
ogy, behavioural and cognitive sciences. Social interactions are central to group living animals and, as such, 
should be central when studying stress responses expressed by animals in different contexts. Social interactions 
have been shown to be the results of genetic, epigenetic, endocrine, and neural mechanisms64, and therefore can 
be valuable targets for various pharmacological compounds of interest. For example, anxiolytic and anxiogenic 
substances could be effective in addressing anxiety when tested in isolated individuals but be found to addi-
tionally disrupt social organisation in animal groups when tested in a social context. Metrics describing group 
Metric Description
Distance of shoal to wall A spatial metric, defined as the distance of the centre of mass of the shoal to the nearest wall. Measures a shoals’ tendency to be close to the walls in the testing tank (i.e. thigmotaxis).
CV nearest neighbour A proximity metric, defined as the coefficient of variation of the nearest neighbour distance of all individuals within the group. Measures the variation in within shoal structure.
Density A social metric, defined as the number of individuals associating (i.e. individuals within 2 body length) divided by the total number of possible associations within the shoal. Measures the sociability of the groups.
Erratic movement A behavioural metric, defined as the presence of at least one fish in the shoal displaying sharp changes in direction or velocity; repeated rapid darting/dashing
Swimming height A behavioural metric, defined as the presence of at least one fish of the shoal being in the top half of the testing tank
Table 1. Name and description of the non-correlated metrics used in this study.
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structure and spatial positions could also substantially impact on the selection of indicators for assessing welfare 
in group-housed animals in different stressful and non-stressful situations, or be used in addition to standard 
testing protocols of sociability65. They can add valuable information for studies investigating different biological 
aspects of how stress can affect social behaviours, emotions and cognition, and have the potential of being used 
for the (early) detection of positive and negative changes in group dynamics in various research contexts. In line 
with this, we have shown that groups can exhibit behavioural stress responses that are only emergent from social 
interactions and associations, highlighting that behaviours based on the highly responsive structure of animal 
groups could potentially allow us to distinguish different aspects and underlying mechanisms in a more relevant 
and translatable social context.
Data availability
All data generated during this study is included as supplementary data file.
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Figure 2. Mean ± SD of (a) shoal density, (b) CV nearest neighbour distance, (c) distance to the nearest wall, 
and the proportion of time at least one fish in the shoal (d) exhibits erratic movement, and (e) is in the top half 
of the testing tank in the immediate and 24 hours condition. Asterisks (*) denote significant differences between 
groups: ***p < 0.001.
7Scientific RepoRtS |         (2019) 9:17200  | https://doi.org/10.1038/s41598-019-53661-w
www.nature.com/scientificreportswww.nature.com/scientificreports/
References
 1. Morgan, K. N. & Tromborg, C. T. Sources of stress in captivity. Appl. Anim. Behav. Sci. 102, 262–302, https://doi.org/10.1016/j.
applanim.2006.05.032 (2007).
 2. Thörnqvist, P.-O., McCarrick, S., Ericsson, M., Roman, E. & Winberg, S. Bold zebrafish (Danio rerio) express higher levels of delta 
opioid and dopamine D2 receptors in the brain compared to shy fish. Behav. Brain Res. 359, 927–934, https://doi.org/10.1016/j.
bbr.2018.06.017 (2019).
 3. Carola, V., D’Olimpio, F., Brunamonti, E., Mangia, F. & Renzi, P. Evaluation of the elevated plus-maze and open-field tests for the 
assessment of anxiety-related behaviour in inbred mice. Behav. Brain Res. 134, 49–57, https://doi.org/10.1016/S0166-4328(01)00452-
1 (2002).
 4. Ley, J., Coleman, G. J., Holmes, R. & Hemsworth, P. H. Assessing fear of novel and startling stimuli in domestic dogs. Appl. Anim. 
Behav. Sci. 104, 71–84, https://doi.org/10.1016/j.applanim.2006.03.021 (2007).
 5. Maximino, C. et al. Measuring anxiety in zebrafish: a critical review. Behav. Brain Res. 214, 157–171, https://doi.org/10.1016/j.
bbr.2010.05.031 (2010).
 6. Gebauer, D. L. et al. Effects of anxiolytics in zebrafish: similarities and differences between benzodiazepines, buspirone and ethanol. 
Pharmacol. Biochem. Behav. 99, 480–486, https://doi.org/10.1016/j.pbb.2011.04.021 (2011).
 7. Giacomini, A. C. V. et al. Fluoxetine and diazepam acutely modulate stress induced-behavior. Behav. Brain Res. 296, 301–310, 
https://doi.org/10.1016/j.bbr.2015.09.027 (2016).
 8. Burman, O., Owen, D., AbouIsmail, U. & Mendl, M. Removing individual rats affects indicators of welfare in the remaining group 
members. Physiol. Behav. 93, 89–96, https://doi.org/10.1016/j.physbeh.2007.08.001 (2008).
 9. Ewbank, R. & Meese, G. B. Aggressive behaviour in groups of domesticated pigs on removal and return of individuals. Anim. Prod. 
13, 685–693, https://doi.org/10.1017/S0003356100000179 (1971).
 10. Holinger, M., Früh, B. & Hillmann, E. Group composition for fattening entire male pigs under enriched housing conditions - 
Influences on behaviour, injuries and boar taint compounds. Appl. Anim. Behav. Sci. 165, 47–56, https://doi.org/10.1016/j.
applanim.2015.01.016 (2015).
 11. Bourin, M. & Hascoët, M. The mouse light/dark box test. Eur. J. Pharmacol. 463, 55–65, https://doi.org/10.1016/S0014-
2999(03)01274-3 (2003).
 12. Lister, R. G. The use of a plus-maze to measure anxiety in the mouse. Psychopharmacology 92, 180–185, https://doi.org/10.1007/
BF00177912 (1987).
 13. Kappel, S., Hawkins, P. & Mendl, M. To group or not to group? Good practice for housing male laboratory mice. Animals 7, 88, 
https://doi.org/10.3390/ani7120088 (2017).
 14. Olsson, I. A. S. & Westlund, K. More than numbers matter: The effect of social factors on behaviour and welfare of laboratory 
rodents and non-human primates. Appl. Anim. Behav. Sci. 103, 229–254, https://doi.org/10.1016/j.applanim.2006.05.022 (2007).
 15. Bains, R. S. et al. Analysis of individual mouse activity in group housed animals of different inbred strains using a novel automated 
home cage analysis system. Front. Behav. Neurosci. 10, 106, https://doi.org/10.3389/fnbeh.2016.00106 (2016).
 16. Miller, N. Y. & Gerlai, R. Shoaling in zebrafish: what we don’t know. Rev. Neurosci. 22, 17–25, https://doi.org/10.1515/rns.2011.004 
(2011).
 17. Treves, A. Theory and method in studies of vigilance and aggregation. Anim. Behav. 60, 711–722, https://doi.org/10.1006/
anbe.2000.1528 (2000).
 18. Hall, F. S. Social deprivation of neonatal, adolescent, and adult rats has distinct neurochemical and behavioral consequences. Crit. 
Rev. Neurobiol. 12, 1–2, https://doi.org/10.1615/CritRevNeurobiol.v12.i1-2.50 (1998).
 19. Borsini, F., Podhorna, J. & Marazziti, D. Do animal models of anxiety predict anxiolytic-like effects of antidepressants? 
Psychopharmacology 163, 121–141, https://doi.org/10.1007/s00213-002-1155-6 (2002).
 20. Shemesh, Y. et al. High-order social interactions in groups of mice. Elife 2, e00759, https://doi.org/10.7554/eLife.00759 (2013).
 21. Abou-Ismail, U. A., Burman, O. H., Nicol, C. J. & Mendl, M. The effects of enhancing cage complexity on the behaviour and welfare 
of laboratory rats. Behav. Process. 85, 172–180, https://doi.org/10.1016/j.beproc.2010.07.002 (2010).
 22. Smulders, D., Verbeke, G., Mormède, P. & Geers, R. Validation of a behavioral observation tool to assess pig welfare. Physiol. Behav. 
89, 438–447, https://doi.org/10.1016/j.physbeh.2006.07.002 (2006).
 23. Van Loo, P. et al. Influence of cage enrichment on aggressive behaviour and physiological parameters in male mice. Appl. Anim. 
Behav. Sci. 76, 65–81, https://doi.org/10.1016/S0168-1591(01)00200-3 (2002).
 24. Held, S. D. & Špinka, M. Animal play and animal welfare. Anim. Behav. 81, 891–899, https://doi.org/10.1016/j.anbehav.2011.01.007 
(2011).
 25. Oliveira, A. F. S., Rossi, A. O., Silva, L. F. R., Lau, M. C. & Barreto, R. E. Play behaviour in nonhuman animals and the animal welfare 
issue. J. Ethol. 28, 1, https://doi.org/10.1007/s10164-009-0167-7 (2010).
 26. Boissy, A. et al. Assessment of positive emotions in animals to improve their welfare. Physiol. Behav. 92, 375–397, https://doi.
org/10.1016/j.physbeh.2007.02.003 (2007).
 27. Kleinhappel, T. K., John, E. A., Pike, T. W., Wilkinson, A. & Burman, O. H. P. Animal welfare: a social networks perspective. Sci 
Progress-Uk 99, 68–82, https://doi.org/10.3184/003685016X14495640902331 (2016).
 28. Croft, D. P., James, R. & Krause, J. Exploring animal social networks. (Princeton University Press, 2008).
 29. Green, J. et al. Automated high-throughput neurophenotyping of zebrafish social behavior. J. Neurosci. Meth. 210, 266–271, https://
doi.org/10.1016/j.jneumeth.2012.07.017 (2012).
 30. Stienessen, S. C. & Parrish, J. K. The effect of disparate information on individual fish movements and emergent group behavior. 
Behav. Ecol. 24, 1150–1160, https://doi.org/10.1093/beheco/art042 (2013).
 31. Hemelrijk, C. K. & Kunz, H. Density distribution and size sorting in fish schools: an individual-based model. Behav. Ecol. 16, 
178–187, https://doi.org/10.1093/beheco/arh149 (2004).
 32. Huth, A. & Wissel, C. The simulation of the movement of fish schools. J. Theor. Biol. 156, 365–385, https://doi.org/10.1016/S0022-
5193(05)80681-2 (1992).
 33. Miller, N. & Gerlai, R. Automated tracking of zebrafish shoals and the analysis of shoaling behavior, in Zebrafish protocols for 
neurobehavioral research (eds Kalueff, A. & Stewart, A.), 217–230. (Springer, 2012).
 34. Miller, N. & Gerlai, R. From schooling to shoaling: patterns of collective motion in zebrafish (Danio rerio). Plos One 7, e48865, 
https://doi.org/10.1371/journal.pone.0048865 (2012).
 35. Séguret, A., Collignon, B. & Halloy, J. Strain differences in the collective behaviour of zebrafish (Danio rerio) in heterogeneous 
environment. Roy. Soc. Open Sci. 3, 160451, https://doi.org/10.1098/rsos.160451 (2016).
 36. Whitehead, H. Analyzing animal societies: quantitative methods for vertebrate social analysis. (University of Chicago Press, 2008).
 37. Champagne, D. L., Hoefnagels, C. C., de Kloet, R. E. & Richardson, M. K. Translating rodent behavioral repertoire to zebrafish 
(Danio rerio): relevance for stress research. Behav. Brain Res. 214, 332–342, https://doi.org/10.1016/j.bbr.2010.06.001 (2010).
 38. Pedernera-Romano, C., de la Torre, J. L. R., Badiella, L. & Manteca, X. Effect of perphenazine enanthate on open-field test behaviour 
and stress-induced hyperthermia in domestic sheep. Pharmacol. Biochem. Behav. 94, 329–332, https://doi.org/10.1016/j.
pbb.2009.09.013 (2010).
 39. Gerlai, R. Zebra fish: an uncharted behavior genetic model. Behav. Genet. 33, 461–468, https://doi.org/10.1023/A:1025762314250 
(2003).
8Scientific RepoRtS |         (2019) 9:17200  | https://doi.org/10.1038/s41598-019-53661-w
www.nature.com/scientificreportswww.nature.com/scientificreports/
 40. Barcellos, L. J. G. et al. Whole-body cortisol increases after direct and visual contact with a predator in zebrafish, Danio rerio. 
Aquaculture 272, 774–778, https://doi.org/10.1016/j.aquaculture.2007.09.002 (2007).
 41. Egan, R. J. et al. Understanding behavioral and physiological phenotypes of stress and anxiety in zebrafish. Behav. Brain Res. 205, 
38–44, https://doi.org/10.1016/j.bbr.2009.06.022 (2009).
 42. Levin, E. D., Bencan, Z. & Cerutti, D. T. Anxiolytic effects of nicotine in zebrafish. Physiol. Behav. 90, 54–58, https://doi.
org/10.1016/j.physbeh.2006.08.026 (2007).
 43. Cachat, J. et al. Measuring behavioral and endocrine responses to novelty stress in adult zebrafish. Nat. Protoc. 5, 1786, https://doi.
org/10.1038/nprot.2010.140 (2010).
 44. Griffiths, S. W. Learned recognition of conspecifics by fishes. Fish Fish. 4, 256–268, https://doi.org/10.1046/j.1467-2979.2003.00129.x 
(2003).
 45. Ramsay, J. M. et al. Whole-body cortisol response of zebrafish to acute net handling stress. Aquaculture 297, 157–162, https://doi.
org/10.1016/j.aquaculture.2009.08.035 (2009).
 46. Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: the ARRIVE 
guidelines for reporting animal research. PLoS Biol. 8, e1000412, https://doi.org/10.1371/journal.pbio.1000412 (2010).
 47. Scott, A. P. & Ellis, T. Measurement of fish steroids in water - a review. Gen. Comp. Endocr. 153, 392–400, https://doi.org/10.1016/j.
ygcen.2006.11.006 (2007).
 48. Kalueff, A. V. et al. Towards a comprehensive catalog of zebrafish behavior 1.0 and beyond. Zebrafish 10, 70–86, https://doi.
org/10.1089/zeb.2012.0861 (2013).
 49. Pitcher, T. J. & Parrish, J. K. Functions of shoaling behaviour in teleosts, in Behaviour of Teleost Fishes (ed. Pitcher, T. J.) 363–439 
(Chapman and Hall, 1993).
 50. Kleinhappel, T. K., Burman, O. H. P., John, E. A., Wilkinson, A. & Pike, T. W. Diet-mediated social networks in shoaling fish. Behav. 
Ecol. 25, 374–377, https://doi.org/10.1093/beheco/aru006 (2014).
 51. Kleinhappel, T. K., Burman, O. H. P., John, E. A., Wilkinson, A. & Pike, T. W. Free amino acids mediate association preferences in 
fish. Ethology 122, 712–716, https://doi.org/10.1111/eth.12518 (2016).
 52. Kleinhappel, T. K., Burman, O. H. P., John, E. A., Wilkinson, A. & Pike, T. W. A mechanism mediating inter-individual associations 
in mixed-species groups. Behav. Ecol. Sociobiol. 70, 755–760, https://doi.org/10.1007/s00265-016-2099-x (2016).
 53. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using lme4. arXiv preprint arXiv:1406.5823 (2014).
 54. Sheskin, D. J. Handbook of parametric and nonparametric statistical procedures. (crc Press, 2003).
 55. Wei, T. & Simko, V. R package ‘corrplot’: visualization of a correlation matrix (version 0.84). Retrived from, https://github.com/
taiyun/corrplot (2017).
 56. Andersen, I. L., Bøe, K. E., Fœrevik, G., Janczak, A. M. & Bakken, M. Behavioural evaluation of methods for assessing fear responses 
in weaned pigs. Appl. Anim. Behav. Sci. 69, 227–240, https://doi.org/10.1016/S0168-1591(00)00133-7 (2000).
 57. Atton, N., Galef, B. J., Hoppitt, W., Webster, M. M. & Laland, K. N. Familiarity affects social network structure and discovery of prey 
patch locations in foraging stickleback shoals. P. Roy. Soc. B-Biol. Sci. 281, 20140579, https://doi.org/10.1098/rspb.2014.0579 (2014).
 58. Jones, H. A. C., Noble, C., Damsgard, B. & Pearce, G. P. Social network analysis of the behavioural interactions that influence the 
development of fin damage in Atlantic salmon parr (Salmo salar) held at different stocking densities. Appl. Anim. Behav. Sci. 133, 
117–126, https://doi.org/10.1016/j.applanim.2011.05.005 (2011).
 59. Spence, R., Gerlach, G., Lawrence, C. & Smith, C. The behaviour and ecology of the zebrafish, Danio rerio. Biol. Rev. 83, 13–34, 
https://doi.org/10.1111/j.1469-185X.2007.00030.x (2008).
 60. Miller, N. & Gerlai, R. Quantification of shoaling behaviour in zebrafish (Danio rerio). Behav. Brain Res. 184, 157–166, https://doi.
org/10.1016/j.bbr.2007.07.007 (2007).
 61. Rehnberg, B. & Smith, R. The influence of alarm substance and shoal size on the behaviour of zebra danios, Brachydanio rerio 
(Cyprinidae). J. Fish Biol. 33, 155–163, https://doi.org/10.1111/j.1095-8649.1988.tb05457.x (1988).
 62. Mendl, M., Burman, O. H. P. & Paul, E. S. An integrative and functional framework for the study of animal emotion and mood. P. 
Roy. Soc. B-Biol. Sci. 277, 2895–2904, https://doi.org/10.1098/rspb.2010.0303 (2010).
 63. Pounder, K. C. et al. Does environmental enrichment promote recovery from stress in rainbow trout? Appl. Anim. Behav. Sci. 176, 
136–142, https://doi.org/10.1016/j.applanim.2016.01.009 (2016).
 64. Hofmann, H. A. et al. An evolutionary framework for studying mechanisms of social behavior. Trends Ecol. Evol. 29, 581–589, 
https://doi.org/10.1016/j.tree.2014.07.008 (2014).
 65. Sandi, C. & Haller, J. Stress and the social brain: behavioural effects and neurobiological mechanisms. Nat. Rev. Neurosci. 16, 290, 
https://doi.org/10.1038/nrn3918 (2015).
Acknowledgements
This work was funded by the NC3Rs (NC/P001289/1)
Author contributions
All authors contributed to the design of the study. T.K. conducted the experiments and analysed the data. All 
authors wrote and reviewed the manuscript.
competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53661-w.
Correspondence and requests for materials should be addressed to T.K.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
9Scientific RepoRtS |         (2019) 9:17200  | https://doi.org/10.1038/s41598-019-53661-w
www.nature.com/scientificreportswww.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
